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INTRODUCTION 

Modern he l i cop te r s  have been l imi ted  i n  high speed capab i l i t y  and 

c ru i se  performance by s t a l l  of r e t r e a t i n g  blade and by compressibil i ty 

e f f e c t s  of advancing blade. One technique f o r  minimizing those adverse 

e f f e c t s  i s  t o  l o c a t e  the  r o t o r ' s  t o t a l  l i f t  cen t ro id  on t h e  advancing 

s i d e  of t he  r o t o r  disk.  The r e t r e a t i n g  blade l i f t  requirements would 

then be g rea t ly  lessened, and the  advancing blade would be operating 

a t  conditions favorable f o r  b e t t e r  l if t- to-drag r a t i o s .  

o f f s e t  would r e s u l t  i n  a r o l l i n g  moment across the  hub. 

This l i f t  

To achieve 

s i g n i f i c a n t  l i f t  o f f s e t  would necess i t a t e  a hingeless r o t o r  system o r  

l a r g e  o f f s e t  f lapping hinge on an a r t i c u l a t e d  r o t o r  p lus  a means f o r  

countering the  r o l l i n g  moment ( for  trim) such as another r o t o r ,  a wing, 

o r  center-of-gravity o f f s e t  e t c .  

A roto-r system has been b u i l t  based upon t h i s  l i f t  o f f s e t  o r  

advancing blade concept (ABC). This ABC r o t o r  system fea tured  two, 

counter r o t a t i n g  coaxia l  r o t o r s  u t i l i z i n g  blades t h a t  w e r e  very s t i f f  

i n  t o r s ion  and i n  f l a t w i s e  and chardwise bending. Also, the  blades 

were attached r i g i d l y  t o  the  hubs with only a fea ther ing  bearing. 

The counter-rotating coaxia l  r o t o r  arrangement r e su l t ed  i n  cance l la t ion  

of the  hub moment below t h e  r o t a t i n g  system, caused by the  l i f t  o f f s e t  

on the  upper and lower r o t o r s  respec t ive ly .  
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An inves t iga t ion  w a s  performed on the  ABC r o t o r  system i n  the  

40- by 80-foot wind tunnel i n  June 1970. 

t o  demonstrate t he  system's performance capab i l i t y ,  r o t o r  loads,  and 

t o  determine s t a b i l i t y  and con t ro l  power de r iva t ives  over an advance 

r a t i o  range of .2 t o  .9. Data were obtained over a range of l i f t  and 

propulsive force ,  and are presented without discussion. 

The program objec t ives  w e r e  

Overall no ise  da t a  are presented i n  Appendix A. 

NO TAT I O N  

Pos i t i ve  d i r ec t ions  of forces  and moments are shown i n  the  

following sketch. 
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coe f f i c i en t s  i n  t h e  representa t ion  of rotor-blade cyc l i c  

p i t c h  f o r  t h e  upper and t h e  lower r o t o r s  ind iv idua l ly ,  

t h a t  i s ,  upper r o t o r  8 = -A cos JI -B s i n  JI, 
su C l s u  1 

lower r o t o r  8 = -A cos JI -B s i n  J I ,  deg. 
ls R ls R 

C 

r o t o r  system pi tch ing  moment cont ro l  i n  deg, 
A1 + A 

s u  ls R 
2 

i n t e r - ro to r  p i tch ing  moment cont ro l  i n  deg, 

SR 
A1 - *1 s u  

2 

angle of r o t o r  s h a f t  from v e r t i c a l ,  pos i t i ve  sha f t  

t i l t e d  a f t ,  deg 

number of blades 

r o t o r  system r o l l i n g  moment cont ro l  i n  deg, 

SR 
- B1 su 
2 

i n t e r - ro to r  r o l l i n g  moment cont ro l  i n  deg, 

SR 
B1 + B1 s u  

2 

blade chord at .75R, m 

r o t o r  l i f t  coe f f i c i en t  i n  wind-axis system, l i f t  

P s (W2 
r e s u l t a n t  rolling-moment coe f f i c i en t  about center  of 

lower r o t o r  i n  shaft-axis system, 

sha f t  axis r o l l i n g  moment 

p s (QRI~R 
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CMY resultant pitching-moment coefficient about center 

of lowef. rotor in shaft-axis system, 

shaft axis pitching moment 

p s (s~R)~R 

CMZ 

CPO 

CQR 

C X R  

CYR 

resultant yawing-moment coefficient about center of 

lower rotor in shaft-axis system, 

shaft axis yawing moment 

p s ( S ~ R I ~ R  
rotor profile-power coefficient, 

rotor total torque and total power coefficient 

(torque) (Q) 

P S (QRl3 

rotor propulsive-force coefficient in wind-axis system, 

rotor side-force coefficient in wind-axis system, 

DELTA THETA half the difference in collective pitch between the upper 

and lower rotor blades, 'u - 8 R, deg 
2 

L/D ratio of rotor lift to equivalent drag, lift 
drag + (torque) ( s ~ / v )  

rotor-blade tip Mach number at the 90' azimuth position 
(1.0) ( 9 0 )  

M 

R rotor radius, m 

S reference mea, bRc 
2 

.75R' 
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0 T free-stream temperature , K 

THETA half the sum of the collective pitch of the upper and lower 
e rotor blades, ‘u + R, deg 

2 

v free-stream velocity, m/sec 

v3 - v 
QR OR advance ratio 

2 4  
P air density, kg see /m 

s1 rotor rotational speed, radians/sec 

0 cyclic pitch, deg 

lower rotor blade collective at 0.75R, deg 

upper rotor blade collective at 0.75R, deg 

rotor-blade azimuth angle measured from downwind 

C 

% 

J, 

position in direction of rotation for each rotor, deg 

d 
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MODEL DESCRIPTION 

The r o t o r  system consis ted of two, three bladed counter-rotating 

Dimensional information i s  l i s t e d  below. coaxial  r o t o r s .  

Rotor radius  , m ( f t )  6.098 (20) 

Blade chord, m ( f t )  

root  

t i p  

Cutout r ad ius ,  m ( f t  ) 

Rotor s o l i d i t y ,  - S 
2 

TR 

2 2  Reference area, S ,  m ( f t  ) 

dual  r o t o r  

s i n g l e  r o t o r  

Precone angle deg 

upper r o t o r  

lower r o t o r  

F i r s t  mode bending frequency, cycle/sec 

flatwise 8.0 

.5273 (1.73) 

.26365 ( 0.865 ) 

.7391 (2.425) 

0.111 

12.96 (139.5) 

6.48 (69.75) 

5 

0 

t o r s  ion 114.5 

Blade chord length  w a s  l i n e a r l y  tapered between roo t  and t i p .  

t w i s t  w a s  non-linear and i s  shown i n  figure 1. 

(a t  cutout rad ius)  w a s  NACA 0030 with l i n e a r  t a p e r  i n  thickness r a t i o  

t o  a NACA 0006 sec t ion  at  t h e  t i p .  

Blade 

Root a i r f o i l  sec t ion  

The d is tance  between t h e  upper r o t o r  
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and t h e  lower r o t o r  centers  w a s  ~ 6 2 2  m. 

counterclockwise and the  lower r o t o r  ro t a t ed  clockwise as seen from 

above. ) 

(The upper r o t o r  r o t a t e d  

Figure 2 i s  a general  view of t h e  ro to r  system i n s t a l l e d  i n  t h e  

wind tunnel  test  sec t ion .  

cont ro l led  using an extendable t a i l  s t r u t .  Rotor power w a s  provided by 

two 1521 metric HP va r i ab le  frequency e l e c t r i c  motors i n s ide  t h e  faired 

body. The r o t o r  w a s  remotely cont ro l led  and monitored from t h e  cont ro l  

room. 

Rotor sha f t  angle-of-attack w a s  remotely 

The s ing le  r o t o r  t e s t  configuration consis ted of t h e  upper ro to r  

plus simulated roo t  end f i t t i n g s  i n  place of t h e  lower r o t o r  blades. 

OPERATING PROCEDURES 

. For a given r o t o r  r o t a t i o n a l  speed, tunnel  speed w a s  adjusted t o  

maintain t h e  desired advance r a t i o .  A t  each sha f t  angle,  t h e  co l l ec t ive  

p i t c h  and t h e  in t e r - ro to r  moment cont ro ls  were var ied  i n  accordance with 

a pre- tes t  plan.  The remaining cont ro ls  were ad jus ted  t o  " t r i m "  t h e  

r o t o r  system about a l l  t h r e e  axes. D a t a  were than recorded. Col lect ive 

p i t ch ,  BlSP or s h a f t  angle w a s  then changed and t h e  above procedure 

repeated u n t i l  a l i m i t  w a s  reached i n  e i t h e r  s t r u c t u r a l  loading, 

tunnel  balance v ib ra t ion  or clearance between t h e  upper and lower 

rotor blade t i p s .  

s e t  a t  1 0  inches.  

The clearance l i m i t  between blade t i p s  w a s  a r b i t r a r i l y  



- 8 -  

Control power de r iva t ive  da t a  w e r e  obtained by varying one con t ro l  

Each con t ro l  a t  a t i m e  leaving the  o thers  f ixed  a t  t h e i r  t r i m  s e t t i n g .  

w a s  def lec ted  i n  both a p o s i t i v e  and negative d i r e c t i o n  from its 

trimmed s e t t i n g .  

S ingle  r o t o r  d a t a  w e r e  accumulated wi th  the  con t ro l s  set a t  t h e  

same pos i t i on  as i n  the  dua l  r o t o r  case. 

T e s t  conditions are i l l u s t r a t e d  i n  the  r o t o r  ve loc i ty  diagram i n  

f igu re  3.  

DATA REDUCTION 

Six-component forces  and moments w e r e  measured by the wind-tunnel 

balance system. 

account f o r  forces  and moments produced by the  exposed model support 

s t r u t s ,  t he  f a i r e d  body, and the  r o t a t i n g  hub. 

included a simulated blade roo t  end f i t t i n g s  ou t  t o  .08125 R. 

tares applied were based on wind-tunnel dynamic pressure,  s h a f t  angle 

and hub RPM. 

Tare cor rec t ions  w e r e  applied t o  the  balance da t a  t o  

The r o t a t i n g  hub tares 

The 

Wind tunnel w a l l  cor rec t ions  w e r e  not applied t o  the  da t a .  There 

are a number of tunnel w a l l  co r r ec t ion  techniques which may be  employed 

by the  reader  i n  analyzing t h e  ABC r o t o r  data.  One type of w a l l  

cor rec t ion  which may be used is t h a t  based on a f ixed  wing being analogous 

t o  the  ro to r .  The formulas f o r  t h i s  type of Correction are given below. 

d 
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. 

For the  dua l  r o t o r  configuration, 

1 2  A (ALPHA SHAFT) = .593 (CLR) (a) 
A CXR = -.01036(CLR) (-) 

A CMY = -3.5(ACXR) COS (ALPHA SHAFT)/(2)(20) 

2 1 2  
V/QR 

For the  s i n g l e  ro to r  configuration, 

1 2  A (ALPHA SHAFT) = .331 (CLR) (-) 

2 1 2  
V/QR A CXR = -.00577(CLR) (-) 

A CMY = -3.5(ACXR) COS (ALPHA SHAFT)/(2)(20) 

An example of the  magnitude of t h i s  cor rec t ion  is shown below f o r  two 

advance r a t i o s ,  - =  .21 and .7, using two a c t u a l  da t a  points from v 
QR 

t ab l e s  6 and 17. 

Wall Correction Wall Correction 

Table No. 

Point No. 

V/QR 
ALPHA SHAFT 

CLR 
CXR 

L/D 

CQR 

CPO 

CMY 

WITHOUT 

6 
2 
.2127 
8, 
130 

-.0199 
5.81 
.OOO 34 
.000529 

- .001895 

WITH 

6 
2 
.2127 
9.71 
.130 
-.0238 
4.95 
.00116 
.000529 
- .001560 

WITHOUT 

17 
11 

.7025 
4. 
.1389 
-.0214 
6.47 
.01285 
- .000805 
- .002578 

WITH 

17 
11 
-. 7025 
4.16 
.1309 
-.0227 
6.07 
.01311 
- .000805 
-. 002464 

Force and moment da t a  are re fe r r ed  t o  a poin t  loca ted  a t  t h e  cen te r  

of t he  lower r o t o r  hub. 

t h e  moment d a t a  are in  the  s h a f t  axes system. 

The fo rce  d a t a  are i n  the  wind axis system and 

(These d a t a  are presented 

i n  Tables 1 through 20.) 

and moment d a t a  are values hand recorded from meter readings. 

The con t ro l  s e t t i n g s  presented with the  fo rce  

d 
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Rotor power w a s  determined from w a t t m e t e r  readings of electrical 

power i n t o  t h e  r o t o r  d r ive  motors. 

determined by ca l ib ra t ions  using t h e  wind tunnel balance. 

Motor plus transmission lo s ses  were 

The r o t o r  p r o f i l e  power c o e f f i c i e n t  is  based on t h e  assumption of 

uniform downwash d i s t r i b u t i o n  over t he  r o t o r  d i sk .  

"Trim" w a s  es tab l i shed  f o r  t he  test program based upon 1P bending 

moments f o r  t he  upper and lower r o t o r s ,  e l e c t r i c a l l y  summed. Tunnel 

balance d a t a  i n d i c a t e  t h a t  r o l l  t r i m  w a s  no t  achieved by a considerable 

margin. What w a s  the  cause of t he  discrepancy between the  tunnel balance 

r o l l i n g  moment da t a  and the  e l e c t r i c a l l y  summed 1P bending moments? 

tunnel balance system w a s  checked and found s a t i s f a c t o r y .  The tare 

configuration had no component t h a t  would cont r ibu te  s u b s t a n t i a l l y  t o  

r o l l i n g  moment with the  r o t o r s  on and not  con t r ibu te  when t h e  r o t o r s  were 

o f f .  It appears t h a t  t he  r o l l i n g  moment discrepancy w a s  t he  r e s u l t  of 

instrumentation problems assoc ia ted  with t h e  lower r o t o r  s l i p  r i n g  assembly. 

The balance d a t a  presented he re in  is accurate,  and although t h e  r o l l i n g  

The 

moment w a s  no t  trimmed i n  the  test ,  t h i s  does not i n d i c a t e  nor i n f e r  t h a t  

t r i m  could not  have been achieved. A survey of t h e  high advance r a t i o  d a t a  

ind ica t e s  t h a t  L/D changes s l i g h t l y  as t h e  out-of-trim r o l l i n g  moment is 

reduced. I n  general ,  L/D increased as t r i m  w a s  approached. 

i 
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RESULTS 

T e s t  results  are presented i n  Tables 1 through 20 and organized 

i n  the following manner. 

Table No. Advance Ratio, V/QR ALPHA SHAFT 

1 .212 -10, -8 ,-4 
2 -4 

4 4 

5 458 

3 -4,0 

6 8 
7 
8 

9 
10 
11 

12 

13 
14 
15 

16 
17 
18 

19* 
20* 

,355 

.467 

.698 

.910 

.212 

.351 

-8,-4 
-4 ,O, 4 8 

-8 

-8,-4 
-4,0 
0 

.- 0,4 
8 

-4 

-4,0,4 
4 

-2,0 
-8,0,8 
-8 ,-4,0,4 

* 
Tables 19 and 20 are s ingle  rotor test results .  

d 
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Appendix A 

Helicopter no ise  w a s  measured with 3 inch condenser microphones i n  

the  wind tunnel a t  loca t ions  shown i n  f i g u r e  A l .  

shielded by aerodynamically shaped nose cones. 

on magnetic tape and later analyzed using a 6% 

analyzer. 

The microphones w e r e  

The d a t a  w e r e  recorded 

bandwidth spectrum 
* 

Table A 1  shows the  over-all  sound pressure levels f o r  t he  th ree  

microphones f o r  various test conditions.  Figure A2-A8 are t y p i c a l  narrow 

band frequency spectrums. The d ips  i n  the  centers  of t he  graphs are due 

t o  the  analyzer mechanism and are not due to  the noise  c h a r a c t e r i s t i c s .  

Figures A2 and A3 are background noise  spectrums and Figures A4-A8 include 

the  he l i cop te r  noise.  Figures A9 and A10 show the  no i se  from a 48 f t .  dia- 

meter, two-bladed r o t o r  t e s t e d  i n  the  40- by 8O-Foot Wind Tunnel previously. 

The da ta  were taken from Full-scale Helicopter Rotor Noise Measurements I n  

Ames 40- by 80-Foot Wind Tunnel, B e l l  Helicopter Co . ,  Report no. 576-099-052, 

Aug. 29, 1967. During the  B e l l  test  the  microphone w a s  located midway be- 

tween microphones l and 2 shown i n  f i g u r e  A l .  

A l l  da t a  are presented uncorrected. It is estimated t h a t  t he  noise  

levels are approsimately 7 db higher than f r e e  f i e l d  levels because of t he  

r e v e r b e r a n t . f i e l d  due t o  the  wind tunnel w a l l s .  Also, t h e  noise  generation 

of t he  he l i cop te r  i n  hover condition w a s  undoubtedly a f f ec t ed  by the wake 

r e c i r c u l a t i o n  due t o  t h e  wind tunnel w a l l s .  

* f i l t e r  bandwidth = 6% of center frequency 
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